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Abstract

Wereport the fus high resolution mifrawred spectia of mtyl fluonde N ), The ntense

v, bind associated with he N, antisy

. netne stretehig vibration, aas been observed in

e 750 825 em’ o ocegion Th spediaone displays extensive rotational stractare and

consists solely of b-type ttansmvons C . 500 mfrared and ST mictowave transition

rve been 1t to gencrate 1ot onal constants for th v,o state (vq 79346684 ¢’

and mproved constants for the ground state. Rotationally iesolved ifrared line positions

~ oy

are now avatlable o1 the 1dco theatim of  NO,, an at nosphene product of CHC and

‘C oxidation.




INTRODUCTION

This paper continues the scries of 1eports from our labotatory on the high
resolution specttoscopy  of  oxyhalide and NO,  compounds (1,2,3) mmplicated in
atmospheric ozone depletion (4). Tigh resolution spectia enable one to determine
important structural and bondimge properies for these molecules, many of which are
unstable. Rotationally resolved Thie positions can be used to monitor the concentrations
of these molecules inatmosplicnc remote sensing experiments such as ATMOS (5) o1 in

laboratory measurcinents of reaction Kinetics (6).

Nitryl fluoride, FNO,. hias been knovn as a rcactive laboratory compound since
the 1930°s (7)), but has not been the subject of many investigations.  1Cis now known (o
be one of the principal end products of chilorolluiorocatbon oxidation (8).  Similar
oxidation pathways should exist for the HEC 1eplacement gases, therefore it is important
o vestigate the spectroscopy and kinetics of NGO, We have demonstrated that ENO,
is the sole product of the } -4 NOL reaction (9 ) in contrast to the C1+4 NO, reaction where
both the CINQO, and CIONO stractural isomncrs are formed.  Addittonally, FNO; and its
stractural isomer FONO are computationally challengimg molecules:  their bonding,

stiucture and physical propertics have been the focus of tntense theoretical interest (10).

Microwave spectroscopy on FNO, has provided precise eround state rotational
constants (11 12,13 14 ) and a moleculan stucture (12). but only low 1esolation infrared

spectia have been reported (15,16 .17). Duing work on the -0 NO, reaction systein
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imtiated to obtain high resolution spectra of the ONO isomner we identified infrared
featwies duce to (57 cm _r v, (162 ¢ ", Vo (87 ¢ : Vi(32cn )andyv,
1794 con’ty bands of NO,. Al five regtons yielded extensive rotational structure when

mvestigated under high resolution e

we oresent ¢ full otational analysis of he

intense absor tion band corresponding (o v, the NOL antisynimctiic stictching vibration.

EX PIKRIM INTA |

The spectra were recordec on a Bomem JA8-3 Fourier — ansforn spectrometel
optically coupled to a fast-flow/multipass absorption cell (2.3). A liquid heliun cooled
Gie:Cu detector (Infrared Laboratories) and custom amplificr provided the interferogran
signal. This apparatus was desiened for the study of transient molecules and as sufficient
putnping capacity to reduce he esidence tme within he .5 meter long cell to 00
nilliscconds while maintaining, « total sess re of .0 Tor. The system also contains a
dedicated OMA (HG&G rinceton Abplicd Research) to monitor reaction diagnostics via

UIV/Visible absor stion.

Nitry fluoride was oo ucad by thercaction of Juor ne atoms with N -

I+ NO, Y S ENO,

Juorine atoms were produced in a mictowave discharge cavity and combined wi h N+,

and hchium buffer gas noa highe  wesswe pre-teactor region The teaction mixture
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flowed from the pre-reactor into the Towes pressure region of the multipass absorption cell
forobser vation. Optimal reaction conditions wete determined by monitoring the decay 01
the NO; absorpt ion signal inthe 300 4007 nm region and the concurient growth of the
I'NQO, absorption in the 80 - 240 min range (18 ). Under conditions of excess I atoms,
any NO, introduced mtc the system was quantitat vely converted into FNO,. The UV
spectia showed no indication of further rei « ton o the FNO, product with I atoms (o
regenerate NO; or to produce 1NOU It was hoped that the 14 NO, system would also
produce FONO, by analogy (o the 1caction of ClL -t NO,, but neither the strong 17 15 emy’!
band nor any other absorptions attiibwable to FONO were obser ved (9). Sur vey spectra
recorded at i .() em™ resolution over the 600 2500 cin'! 1ange 1evealed strong absorptions
centered at 822, 13 12, and 1794 cin ' and o sharp, ¢ o mpar atively weak feature near 762
e, in excellent agreement with previous reports of the FNO; band positions from low
resolution work (16,37). ‘Thecaction conditions could easily be manipulated to saturate
the absorptions at822,1312,and 1 /(M cn’. A (lc.tailed accountof thel-#NQ; reaction

may be found in Reference 9.

Spectra of the v, band wererecorded with a resolution of (),()()5 e’ and boxcar
apodizationusing a | 600" - 1850 ey band pass {ter (OCI J). 128 scans were co-added
to obtain the final spectrum.  The NO; concentration in the reaction mixture. was limited
so that the strongest features in the spectr um absotbed less than 50% . Infraredline
positions were determined using the Kitt Peak peak finder algorithin (19) and calibrated

using H>O transitions (?2() ) presentin the spectrum due to the small amount of residual
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water vapor in the optical path. All line posttions were assipgned an experimental

uncertainty of 0.001 em™.

SPECTRAL ANALYSIS

FNO; is an oblate 10tor with Cy synimetry and moderate asynnetry: x = 0.504
(J11,12,13). The presence of two indistinguishable "0 nuclei, cach having zero nuclear
spin, requires that the molecular wavelunction follow Bose-Finstein statistics and that the
rovibrational component of the wavelunction must have even paity with respect to the
molceular g-axis (sce Figure 1), The vibrational symimetry of the ground state is ay,
therefore only even Ky values have non-zero spin-statistical weights. The vz 1 state has
by vibrational symmetry so that only odd K, values have non-zero spin-statistical weights
in this state. This results in a pwe b-type infrared spectrum sinee all transitions ust
have AK, = & 1. The v, overview specbuom in Figure 2 exhibits the weak Q branch

patiern characteristic of b-type bands.

All spectral calculations were carrted out using Pickett's SPHFIT and SPCA'Y
programs (21).  Ground state spectroscopic constants were caleulated from the 51
iicrowave transitions reporicd in Reierences 12, 13, and 14 using Watson’s S-reduced

Hamiltonian (22 )
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in the 11 representation. ‘The tesults are presented in Table 1. The microwave data set
contained 39 ines with 1 < 15, K, < 10 and 10 lines with 6 <) <29, ( <X, <20. Fach
line was assigned (.05 M1z uncertainty. Two lines from the ultra-high precision FIMW
work of Styger et al. (14) were included with 5 K}z uncertaintics. This set of ground
state constants was sufficiently accurate that it was assumed to predict rotational energy

levels for 17 = 0-70 with negligible uncertainty

A preliminary simulation of the v, specttum was performed assuming the
rotational constants for the v 1 state were identical to those of the vibrational ground
state. This calculation produced a spectrum which was jua itativd y similar to the one we

observed: the P- and R-branches were dominated by clusters of Jow K7 transitions and

there was no central Q-brancli 1 ansition scquences having constant K were identified
using the interactive Loomis-Wood fitting, program LW51 developed by the Giessen
group (23) Iritially, 300 trausi ons between 775w d 1815 em "with 17 = 20 40 were
assigned and the assignments ver fied vsing ground state combination differences. Good

estimates of Cand (A’ 4 ) for the v 1 state were also determined using combination

differences.

u:.,w_b MJ.




Successive fitting, iterations involved re-optimizing, the spectroscopic constants,
assighing additional lines bascd on the predicted line positions and intensities, and then
repeating the process. In this marmer, 1539 mfrared transitions were incorporated into the
final line list. The quantum nmbers of the infrared tansitions span the range J7=-0-65,
K,7’=0-40, and K/=0-65, thus cnswing an excellent determination of all quartic
centrifugal  distortion constants. Assigned lines deviating more than 2.5 times the
experimental uncertainty from then caleulated positions were rejected from the fit. The
final constants for the ground state (Table 1) and v, 1 (Table 2) were determined from a
simultancous fit of the combined mictowave and infrared data sets. Ground state and
v b oconstants were also determined using Watson’s A-reduced Hamiltonian; these

values are collected in Table 7.

D ISCUSSION

1. 'The Ground State

There have been several previous investigations of  the FNO), ground vibrational
state using microwave specttoscopy T 1952 Smith and Magnuson (11) identified 8
rotat ional transitions and deduced that the ol ceule possessed a planar Cov structure., In
1968 1.cgon an d Millen (12) deter mined a substitution structure for FNO; after observing
1 7 rotational transitions in the 1/ - 33 GHy region for cach O three isotopomers:
FUNICO,, N0, and] “ N ()% The IF''NT0O°0 spectium was particularly

interesting since the asymmietric substitution of the oxygen atoms destroyed the €5
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symmetry axis and previously forbidden tram sittons we re observed. "This study improved
the precision of the A, B, and (Cotational constants by three orders of magnitude, but the
analysis was constrained to tansitions with I < 1 Sand neglected centiifugal  distortion,
1 aterthat year, Mirrietal. (*13) determined the four in- plane centrifugal distortion
constants from 33 transitions mcasured inthe 100 - 140 GlHzregion. 1'NO;spectioscopy
thien remained dormant until the rccent ulta-high resolution FITMW mcasurements o f
Styger ctal. (14) which weicused to determine the "N and "1t nuclear hyperfine

constants.

The rotational constans deter mined in the present study are collected in Table |
along with theresults of | egonand Millen (12) and Mirriet a. ( 13). The different sets of
constants agree very Well.  The shightly larger A, B,and C values determined by J egon
and Millen probably resultfromthencglect o1 centrifugaldistortioncorrections. The fact
that the rotational constants we derived from all 51 of the measured microwave
transitions arc essentially the same as thiose derived by M int et al. supports this

collusion.

W C . have converted the centi fugal distortion constants 1epor ted by Mirri et al.

(13) from the 1, form into the corresponding S-reduced Hamiltonian constants using,

afys
Watson’s relationships (24,25 ). The agreement between these values and those derived
in the present work is quite good. ‘The IR transitions improve the statistics of the fit
without substantially altering the values of the centrifugal distortion constants, cven

/o

though the IR data set includes tansitions up to J7=65, K= 40 while the microwave data
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are limited to maxima of 1729, K. 20, The ina set of grounc state constants are all
well-detern ined and exhibit saramcter/1o error)  atios in excess of 800:1. The ting,
Hamiltonian was also expanded 1o neluded  sextic centrifugal distortion constants:
however, since these constants 1ziled to immprove the fit, the  Jamiltonian was in ited to

quat.ic centrifugal distortion ter ns.

2 Thevg 1 State

The appearance of the v, band is qualitatively similar to the v, NO, antisymmetric
sticiching band of INO; (26).  luense > and R-branch transitions dominate he

| . X
intervals.  Fach

specttum: with regular transition clusters occurting a about .42 ¢y’
cluster consists of a serics of lines which converge 1o a head at he low wavenumber limit
of the cluster. The lowest wavenun ¢ featore in each cluster is he most intense, usually
containing several overlapping rinsitions. Rotational analysis shows that cach cluster
iepresents a constant 2 X value. Beginning with  he head of cach cluster, the

transitions originate from ground state vibrational levels with the quantum numbers Ngy,

N on2 N 2284, N 3une ete. where N= 217K, The stronpest hime wi hin cach cluster

has K’=J" and the line stengths d ainis) as 1K increases - ne absolute )

assignments for cach cluster weie confir ned asing ground state con sination differences.

‘igure 3 P-branch clusters for 2)-K.” values of 4 40, and 39 beginning

with he transitions 40y 49 ¢ 4 g4 (7754389 E:._r 39139 ¢ A )ya0 (1775.8992 ¢m™ )
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N . - ) | . e . - .
and 38,38 ¢ 390139 (1776.3582 cm ), respectively. The spin-statistical weights of the
ground and v,= 1 states enswie that only b-type transitions occur, as mentioned above.

L

Since many transitions arc “missing” from the speetrum, ind’v’du:l features arc casily
resolved. The concentration of transitions near the Jow wavenumber head of cach cluster

is clearly evident,

There are other strong absorptions which run through the P- and R-branch regions
and arc unrelated to the 217K =N clusters ‘These tansitions are characterized by single
lincs having about 0.40 cm ' spacings. They continue to have appreciable intensity even
in the far wings of the spectrum where the 21 -Ke = N clusters we weak (N > 60). These
lines are duc to transitions originating in Ka” 17, Kc”~0 levels  Many of these lines

derive their intensity frem the overlap of two necarly degencrate transitions.  The

transitions 19173 ¢ 20152, 19192 ¢ > 153 1775.6761 em™), and 18; 5 ¢ 915 894 ¢

1918, (1776.2942 cm’ ). marked A and 11 Yigure , are of this type. Including these

transitions in the fit refined the centiifugal distortion constants Dy Dy, - and d, and

reduced correlations between all of the vae 1 constants.

The Q-branch region between 790 and 1800 ¢y is uch more congested than
the - or R-branch regions A portion of the Q-branch is shown in Figure 4 The higher

line density and uncertainty as to absolute - values prohibited assignment of these lines

during the carly phases of the fitting process However the Q-branch line positions and

intensitics were accurately predicted once the rotational constants from fitting the >~ and

=
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R-branchregions were. available. "The Q- branch lines were then incorporated into the fit.
Thisresulted in a further refinements 01 the centiifugal distortion constants and an overall

reductioninthe o values forthe V4 1 constants.,

The fitting residuals we stati sti cally distributed and no d ctectabl e perturbations
are obse rved in the spectram. This is in agreement with our calculations, which predict
no otherlevels within -100" ¢m' of the 1793.466841 cm v, ortgin.  The harmonic
frequency @y = 1789 e’ caleulated by Lec atthe CCSD(I/T 72 level of theory (10c)
compares favor ably with the obses ved fundamental vibrational frequency. The FNO; NO;
antisymmetric stretching fundamental is significantly higher than the corresponding
frequencies observe.d for HNO« (1709.56746 cm’! (26)) and CINO,; (1683 .894022 em’
(27))), the good agreement between experiment and theory concetning boththe frequency
and 1clative intensity of v, suggests that theie is nothing unusual about the bonding in
FNO,. The high frequency of this NO2 antisymunets ic stretching frequency implies that
the I atom is withdrawing appicciable clection density fromthe NO, group to form I
NO,™ . Recently, Styger et al (14) concluded that in ENQO; the I atom withdraws 0.36 of
an clectron from the half-filled NO, 6ay otbital, thus providing quantitati ve verification of

the electron redistribution.
Given the asymmetry of FNO;, one would nore nally express the spectroscopic
const ants within the framework of Watson’s A-r1ed ueed Hamittonian.  We have.

performed fits using this Hamiltonian and found the quality of the fits comparable to

Page [3




those obtained using the S-reduced 1 Laniltoman (Table 2). We note, however, that Ay is
anorder of magnitude smallerthanexpected and that Ok is an order of” magnitude larger
than cxpected.  The ratio &:/A; = 6.3 is unphysical and represents optimized fitting
parameters rather than reasonable molecu lar behavior. Theirefore, we have included the

A-reduced  constants in Tablonly for the sake of compar ison with similar molecules;

the S reduced constants arc ow preferred values

CO NCLUSIONS

W C. havereported the firstyotationally resolved imfrared spectrum of FNQO,. Over
1500  wansitions in the intense v, band have been assigned. Well-defined rotational and
quattic centrifugal distortion constants have been determined for the ground and v 1
vi brational states and these constants re produce the experinnental line positions with an
rmsciror Of 0.00078 cm™'. 1 he high frequency of the NO; anti symmetric stretching
vibration, vo = 1793.46684 | cm'. implics sig nificant redistribution of clectron density
from the NO, moicty onto the F atom to form a partially ionic 1 NO,®' stracture.
However, thesmall changes inrotational constants upon excitationinto the v,= 1 state and
the ability 0f high-quality ab mitio calculations to reproduce the v, vibrational frequency
suggest no unusual bonding i FNO,. The v, band provides an excellent opportunity for
moleccu le-specific detection of F'NO, since the sttongestindividual lines coalesce near the

low wavenumber heads of transition clustersinthe P-and R-branches to formm even more
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intense features while stull maintaming nea 1ly Doppler-limited linewidths.  Analysis of

the other vibrational fundamentals is in progiess.
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Spectroscopic Constantsfor the FNQ; Ground and v.=1 States™”

A-reduced Hamiltonian

Sreduced Hamiltonian
A" 0.440 347 968 6 (274)
B” 0.381 805 842 8 (220
c 0.204 107 703 (23)
/

D:/107 5.496 27 (127)

D /107 -8.986 72 (147)

i DAVAL 4087 57 (2200
R 0801 787 (450)
AT 0CTT LA
AT-AT 0.002 843 52 (45)
B.3" -0.000 186 62 (£4)
e 0000 ARLSTA ISR
MDY 2.371(129)
M- DV i0° 3.956 (237)
D - D V07 -0.928 (149)
(d- e’ 2.381 (159)
(¢ g0 T2
TO3LAA RAT (T

rms error £.000 78

A 0.440 3488112 (327)
B” 0.381 804 456 2 (310)
13

C 0.204 107 964 (26)
A107 4,928 3 (47)
s 7 ~ o~
Arg /10 -56176(23/)
AT 249200
8107 0.808 19 12600
AT STS20 R gl
Ce e N AAs man A s
A -A VUL 05D 221011
SIS D.000 186 62 (36)
[ANNa NNANN LR, L0R 7T KT
(A°-ASV107 1.794(273)
(Arg =AY 07 217350102

il —_
(AC-ACVT 0 16.67 (81)
T ~ 4 N
(3:,7-87Y10 -2.£05 (195)
(B - BTV 0T 7282
Ve 793466874 (78
rms error 0.000 79

*Allva'ues expressed incm’. Numbersin parentheses after each constant

units of thelast digit.

reflect the ! errorin

Al cons‘ants determined from the data set consisting of 49 MW, 2 FTMW and 1511IR transitions

O
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FIGURE CA * TONS

agure 1 The molecular stucture of BN, showr supert posed on he molecular axes.

The c-axis is perpendicular to the page. Ry 146.7 pi, Ry 17.98 pm, Oono = 36

Re'. 2

Figure 2. An overview of the v, spectinm recorded at 0.005 em'' resolution.

Figure 3. An expanded view of several 217K ”s N clusters and two high K,” lines in the

v, P-branch. Sce the text for details.

Figure 4. A detailed view of the v, spectiam near the vibrational origin.
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1. ST OF SYMBC1.S

Symbol
ABC

>ww % A,‘uu
b G

o), i, dy, do

Ak, Ay, Ak, 8y, Ok

1

afiys

Lanaas Tobbbs Taabbs Tabab

Vo

Defimtion

Principal otational constants

Principal rotational constants for the lower

in a specificd transition

Principal rotational constants for the upper

in a specificd transition

state

state

Quatlic centrifual distortion constants in the S-

reducton

Quai ic centrifual distortion constants in the A-

reduction

distortion constant for the anular momentuin

st ater 12 P11
operator P PP P,

Axis specific quartic centrifugal distortion

constants

Origin of a vibrational transition



